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A circuit and a method for improving the performance of
voltage regulators subject to load transients is presented. An
auxiliary circuit generates an auxiliary current at an output
of a voltage regulator. The auxiliary circuit comprises tran-
sient detection means to detect a load transient at the output
of the voltage regulator. The auxiliary circuit comprises an
auxiliary impedance to be coupled at one end to the output
of the voltage regulator, and an auxiliary switch to modify
a voltage level at the other end of the auxiliary impedance
by closing or opening the auxiliary switch. The auxiliary
circuit comprises a control unit to control the auxiliary
switch, subject to the detection of a load transient at the
output of the voltage regulator, to modify the voltage level
at the other end of the auxiliary impedance.
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501

Detecting a load iransient at the output of the
voliage regulator

502

Providing an auziliary impedance coupled ai one end o the oulpul
of the vollage regulator

503

Providing an auxiliary swiich fo modify a voliage level at lhe olher
end of the auriliary impedence by closing or opening lhe auzilary

switch

504

Conlrolling Lthe auziliary swilch subject fo the defection of a load
transient al the oulput of the voliage regulator, to modify the
voltage level al the other end of the auzriliary impedance such lhat
an cuziliary current is flowing through the auxiliary impedance,
when the one end of the auziliary impedance is coupled fo lhe output
| of the voliage regulator. The auziliary current may complement the
oulput current of the veltage regulator, in order o provide the
requested load current, and in order fo lhereby stabilize the
outpul voltage of the voltage regulaior.

FIG. 5




US 9,479,053 B2

1
FAST LOAD TRANSIENT RESPONSE
SYSTEM FOR VOLTAGE REGULATORS

TECHNICAL FIELD

The present document relates to voltage regulators. In
particular, the present document relates to a method and a
corresponding system for improving the performance of
voltage regulators subject to load transients.

BACKGROUND

Voltage regulators typically have a finite transient
response capability. Linear regulators may be limited by
bandwidth and pass device size, while single and multiphase
switching converters may react to load transients by deliv-
ering current to the load through coils of the switching
converters. Also enhanced control systems that allow imme-
diate turn-on of all the phases of a multiphase power
converter immediately after detection of the load transient,
by overriding the clock of the multiphase power converter,
have to wait for the coil to build up sufficient current at the
output of the power converter according to the formula:
dl/dt=V/L, wherein I is the coil current (contributing to the
output current of the power converter), V is the voltage drop
at the coil and L is the inductance of the coil.

As an example in buck converters the finite speed at
which the coil of the buck converter can build up current
makes the output build up an error which is equal to the
amount of the charge resulting from the difference between
the load current and the total coil current divided by the total
filter capacitance C. This leads to an error voltage

1
Verror = Ef(lload — leoihdt

wherein V,, .. is the deviation of the actual output voltage
of the power converter from the target output voltage,
wherein Iload is the actual load current, which is drawn by
a load at the output of the power converter, and wherein Icoil
is the coil current, which builds up according to the above
mentioned formula. The load current Iload may exhibit a
steep transient, whereas the coil current Icoil builds up with
a pre-determined ramp. This may lead to significant under-
shoots and/or overshoots of the output voltage of the power
converter. Such undershoots and/or overshoots of the output
voltage may affect the operation of the load which is coupled
to the power converter.

SUMMARY

The present document addresses the above mentioned
technical problem. In particular, the present document
describes a circuit and a corresponding method for reducing
the error voltage V.., of a power converter (also referred to
as a voltage regulator), subject to a load transient. According
to an aspect, an auxiliary circuit configured to generate an
auxiliary current at an output of a voltage regulator is
described. The auxiliary current may be generated in order
to stabilize an output voltage of the voltage regulator, subject
to a load transient. A load transient typically corresponds to
a sudden increase in a load current, which is drawn by a load
that is coupled to the voltage regulator (positive load tran-
sient) or to a sudden decrease in the drawn load current
(negative load transient). The voltage regulator typically
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comprises one or more inductors which limit a ramp-up or
ramp-down of the output current of the voltage regulator. As
a result of this, the load current may deviate from the output
current, thereby leading to an undershoot or an overshoot
(i.e. to a negative deviation or a positive deviation) of the
output voltage from a pre-determined reference voltage.
Such undershoots/overshoots of the output voltage may
have negative impacts on the load and should therefore be
avoided.

The auxiliary circuit may be configured to provide, sub-
ject to a load transient, an auxiliary current which comple-
ments the output current with respect to the drawn load
current, thereby stabilizing the output voltage. In particular,
the auxiliary circuit may be configured to provide an addi-
tional auxiliary current such that the sum of the output
current of the voltage regulator and the auxiliary current
corresponds to the increased load current. In a similar
manner, the auxiliary circuit may be configured to sink an
auxiliary current (i.e. provide a negative auxiliary current)
such that the sum of the output current of the voltage
regulator and the auxiliary current corresponds to the
decreased load current.

The auxiliary circuit comprises transient detection means
configured to detect a load transient at the output of the
voltage regulator. The transient detection means may be
configured to detect a load transient based on the output
voltage at the output of the voltage regulator. In particular,
the transient detection means may be configured to detect a
load transient based on the output voltage and based on the
reference voltage, which is used by the voltage regulator to
regulate the output voltage. The transient detection means
may comprise an error amplifier configured to determine an
error signal indicative of a deviation and/or a gradient of
deviation of the output voltage from the reference voltage.

A positive error signal may be indicative of a positive load
transient and a negative error signal may be indicative of a
negative load transient. The transient detection means may
comprise a first comparator configured to detect a negative
load transient by determining whether the error signal is
smaller than or equal to a pre-determined first threshold. The
first threshold may be a negative value. Alternatively or in
addition, the transient detection means may comprise a
second comparator configured to detect a positive load
transient by determining whether the error signal is greater
than or equal to a pre-determined second threshold. The
second threshold may be a positive value.

The auxiliary circuit may comprise an auxiliary imped-
ance configured to be coupled at one end to the output of the
voltage regulator. The auxiliary current may flow through
the auxiliary impedance. In particular, the auxiliary imped-
ance may be configured to shape the auxiliary current along
the time line. The auxiliary impedance may be such that the
auxiliary circuit may react to a load transient with a peak
auxiliary current, in order to compensate for the steep
increase or decrease of the load current. The peak auxiliary
current may be positive in case of a positive load transient
and negative in case of a negative load transient. Further-
more, the auxiliary impedance may be such that subsequent
to the peak auxiliary current, the magnitude of the auxiliary
current decreases with a certain ramp. The ramp may be
complimentary to the ramp of the output current which is
provided by the voltage regulator. Typically, the ramp of the
output current of the voltage regulator is dependent on one
or more inductors of the voltage regulator.

Hence, the characteristics (e.g. a capacitance and/or resis-
tance) of the auxiliary impedance may be dependent on the
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characteristics (e.g. the inductance) of the one or more
inductors comprised within the voltage regulator.

As indicated above, the voltage regulator may be config-
ured to provide an output current with a pre-determined
temporal ramp, subject to the load transient. This means that
the output current may increase or decrease in accordance to
the pre-determined temporal ramp. The gradient of the
temporal ramp typically depends on the one or more induc-
tors comprised within the voltage regulator. The auxiliary
impedance may be such that the auxiliary current comple-
ments the output current with respect to the load current at
the output of the voltage regulator. In other words, the
auxiliary impedance may be designed such that the absolute
difference of the sum of auxiliary current and output current
and of the load current is smaller (in average) than the
absolute difference of the output current and of the load
current.

In order to complement the output current with respect to
the (to-be-provided) load current, the auxiliary impedance
may be configured to reduce a magnitude of the auxiliary
current in accordance to a pre-determined time constant
starting from the peak auxiliary current at the time instant,
when the load transient is detected. The pre-determined time
constant may be used to model the complement of the ramp
of the output current of the voltage regulator. By way of
example, the auxiliary impedance may comprise an auxil-
iary capacitor which is arranged in series with an auxiliary
resistor. As such, the auxiliary impedance may comprise an
RC circuit with a pre-determined time constant. The pre-
determined time constant (i.e. the capacitance and/or resis-
tance of the RC circuit) may be determined in dependence
of the inductance of the one or more inductors of the voltage
regulator. By doing this, it may be ensured that the sum of
the auxiliary current and the output current matches the load
current (even subject to a load transient).

The auxiliary circuit further comprises an auxiliary switch
configured to modify a voltage level at the other end of the
auxiliary impedance by closing or opening the auxiliary
switch. By way of example, the auxiliary switch may be
configured to increase the voltage at the other end of the
auxiliary impedance from a first voltage to a second voltage,
subject to the detection of a positive load transient. The
increased voltage may trigger the generation of a positive
auxiliary current through the auxiliary impedance towards
the output of the voltage regulator. In a similar manner, the
auxiliary switch may be configured to decrease the voltage
at the other end of the auxiliary impedance from the first
voltage to a third voltage, subject to the detection of a
negative load transient. The decreased voltage may trigger
the generation of a negative auxiliary current through the
auxiliary impedance drawn from the output of the voltage
regulator. The first voltage may be a quiescent voltage which
is generated by an analog buffer of the auxiliary circuit. The
second voltage may correspond to a supply voltage and the
third voltage may correspond to ground. Hence, the auxil-
iary switch may be used to trigger the start (and the end) of
the generation of the auxiliary current. The level of the first,
second and/or third voltages may be used to control the
magnitude of the peak auxiliary current, which is generated
at the time instant when the auxiliary switch is closed.

The auxiliary circuit further comprises a control unit
configured to control the auxiliary switch, subject to the
detection of a load transient at the output of the voltage
regulator, to modify the voltage level at the other end of the
auxiliary impedance such that an auxiliary current is flowing
through the auxiliary impedance, when the one end of the
auxiliary impedance is coupled to the output of the voltage
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regulator. Hence, the control unit may be configured to close
the auxiliary switch (e.g. using a gate control signal) and to
thereby increase or decrease the voltage level at the other
end of the auxiliary impedance, and to thereby generate a
positive or negative auxiliary current through the auxiliary
impedance, respectively.

Hence, the auxiliary circuit is configured to immediately
react to a load transient and to generate an immediate peak
auxiliary current to account for the increased or decreased
load current. In dependence on the characteristics of the
auxiliary impedance, the magnitude of the auxiliary current
decreases, possibly in accordance to the ramp-up or ramp-
down of the output current of the voltage regulator. Hence,
the current at the output of the voltage regulator may be
matched with the load current, thereby stabilizing the output
voltage of the voltage regulator.

As already indicated above, the auxiliary circuit may
comprise a buffer coupled to the other end of the auxiliary
impedance and configured to set the other end of the
auxiliary impedance to a quiescent voltage (also referred to
as the first voltage), when the auxiliary switch is open. The
auxiliary switch may be configured to couple the other end
of'the auxiliary impedance to the supply voltage (to generate
a positive auxiliary current) or to ground (to generate a
negative auxiliary current), when the auxiliary switch is
closed. A level of the quiescent voltage may be a fraction of
the supply voltage. By setting the other end of the auxiliary
impedance to a voltage level between ground and supply
voltage, the auxiliary circuit may be configured to compen-
sate positive and negative load transients, because the volt-
age level of the other end of the auxiliary impedance may be
increased, subject to a positive load transient, and decreased,
subject to a negative load transient. Hence, the flexibility of
the auxiliary circuit may be increased.

The level of the quiescent voltage may be set to be greater
than half the supply voltage for tuning the auxiliary circuit
towards a transient decrease of the load current at the output
of the voltage regulator. By increasing the level of the
quiescent voltage, the magnitude of the peak auxiliary
current in case of negative load transients may be increased.
On the other hand, the level of the quiescent voltage may be
set to be smaller than half the supply voltage for tuning the
auxiliary circuit towards a transient increase of the load
current at the output of the voltage regulator. By decreasing
the level of the quiescent voltage, the magnitude of the peak
auxiliary current in case of positive load transients may be
increased.

The auxiliary switch may be a high side switch of a half
bridge and may be configured to couple the other end of the
auxiliary impedance to the supply voltage, when the auxil-
iary switch is closed. Furthermore, the auxiliary circuit may
comprise a second auxiliary switch. The auxiliary switches
may comprise or may be metal oxide semiconductor (MOS)
transistors. The second auxiliary switch may be a low side
switch of the half bridge and may be configured to couple
the other end of the auxiliary impedance to ground, when the
second auxiliary switch is closed. The high side switch and
the low side switch may be used to enable the auxiliary
circuit to generate a positive auxiliary current, subject to a
positive load transient, and to generate a negative auxiliary
current, subject to a negative load transient. The above
mentioned buffer may be used to set the midpoint of the half
bridge to the quiescent voltage, thereby preparing the aux-
iliary circuit for a positive and a negative load transient.

It should be noted that if it can be ensured that a positive
load transient is directly followed by a negative load tran-
sient, and vice versa, a buffer may not be required, as the
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compensation of a positive load transient automatically
prepares the auxiliary circuit for the compensation of a
negative load transient, and vice versa.

The control unit may be configured to close the auxiliary
switch, subject to the detection of a positive load transient.
Furthermore, the control unit may be configured to close the
second auxiliary switch, subject to the detection of a nega-
tive load transient. In particular, the control unit may com-
prise logic circuitry which is configured to generate a gate
control signal for opening or closing the auxiliary switch
and/or the second auxiliary switch based on an output of the
first and/or second comparators, e.g. based on a positive
detection signal (indicating a positive load transient) and/or
based on a negative detection signal (indicating a negative
load transient). Hence, the opening and closing of the
auxiliary switches may be controlled in dependence on the
output voltage of the voltage regulator.

The control unit may be configured to maintain the
auxiliary switch and the second auxiliary switch open, at a
time instant when no load transient is detected. The time
instants, when no load transients are detected, may be used
to set the midpoint of the half bridge to the quiescent
voltage, in order to prepare the auxiliary circuit for positive
and negative load transients.

The control unit may be configured to control the auxil-
iary switch such that, subject to the detection of a load
transient, the auxiliary current is provided for a pre-deter-
mined duration. The pre-determined duration may be depen-
dent on the characteristics of the auxiliary impedance (e.g.
dependent on a time constant of the auxiliary impedance). In
particular, the pre-determined duration may be dependent on
the capacitance and/or resistance of the auxiliary impedance.

Alternatively, the control unit may be configured to con-
trol the auxiliary switch such that, subject to the detection of
a load transient, the auxiliary current is provided for a
duration which is dependent on an output voltage of the
voltage regulator. In particular, the duration may be depen-
dent on the deviation of the output voltage from the refer-
ence voltage. The provision of the auxiliary current may be
interrupted, if the deviation falls below a pre-determined
threshold.

According to a further aspect, a method for generating an
auxiliary current at an output of a voltage regulator is
described. The method comprises detecting a load transient
at the output of the voltage regulator. Furthermore, the
method comprises providing an auxiliary impedance which
is configured to be coupled at one end to the output of the
voltage regulator. In addition, the method comprises pro-
viding an auxiliary switch which is configured to modify a
voltage level at the other end of the auxiliary impedance by
closing or opening the auxiliary switch. Furthermore, the
method comprises controlling the auxiliary switch, subject
to the detection of a load transient at the output of the voltage
regulator, to modify the voltage level at the other end of the
auxiliary impedance such that an auxiliary current is flowing
through the auxiliary impedance, when the one end of the
auxiliary impedance is coupled to the output of the voltage
regulator.

It should be noted that the methods and systems including
its preferred embodiments as outlined in the present docu-
ment may be used stand-alone or in combination with the
other methods and systems disclosed in this document. In
addition, the features outlined in the context of a system are
also applicable to a corresponding method. Furthermore, all
aspects of the methods and systems outlined in the present
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document may be arbitrarily combined. In particular, the
features of the claims may be combined with one another in
an arbitrary manner.

In the present document, the term “couple” or “coupled”
refers to elements being in electrical communication with
each other, whether directly connected e.g., via wires, or in
some other manner.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is explained below in an exemplary manner
with reference to the accompanying drawings, wherein

FIG. 1 illustrates a circuit diagram of an example voltage
regulator;

FIG. 2 shows a circuit diagram of an example circuit for
reducing the error voltage of a voltage regulator subject to
load transients;

FIG. 3 shows a block diagram of an example control
circuit for controlling the reduction of the error voltage of a
voltage regulator;

FIG. 4a illustrates example output voltages of a conven-
tional voltage regulator;

FIG. 4b illustrates example output voltages of a voltage
regulator comprising a circuit for reducing the error voltage;
and

FIG. 5 shows a flow chart of an example method for
reducing the error voltage of a voltage regulator.

DESCRIPTION

FIG. 1 shows an example buck converter system 100. It
should be noted that even though the following aspects are
described in the context of a buck converter 110, the aspects
are also applicable to other DC-to-DC converters, e.g. other
DC-t0-DC step-down converters or DC-to-DC step-up con-
verters. The system 100 comprises a buck converter 110
comprising a high side switch 112 (e.g. a PMOS transistor)
and a low side switch 111 (e.g. a NMOS transistor), as well
as a buck inductor 113 and a buck capacitor 114. The duty
cycle of the buck converter 110 (i.e. the duty cycle of the
high side switch 112) is controlled via a feedback voltage
Vib 151 which is equal to (or proportional to) the output
voltage Vout 150. The feedback voltage Vib 151 is com-
pared to a reference voltage Vref 152 using e.g. a differential
amplification unit (also referred to as an error amplifier) 119,
thereby providing an error voltage Verror 153. In stable
operation, when the output voltage Vout 150 corresponds to
the desired output voltage of the converter system 100, the
error voltage Verror 153 should approximate zero or should
take on a pre-determined default error value (e.g. zero)
which may be tuned using the reference voltage Vref 152.
However, in case of load transients, the output voltage Vout
150 may dip, thereby causing a bump in the error voltage
Verror 153 above the default error value.

Overall, the error voltage Verror 153 may be used to
regulate the output voltage Vout 150 provided by the con-
verter system 100. The regulation of the output voltage Vout
150 may be achieved by controlling the duty cycle of the
high side switch 112. This duty cycle may be controlled
using the error voltage Verror 153. For example, the error
voltage Verror 153 may be compared with a saw wave
voltage signal 155 having a pre-determined cycle length
(thereby providing a pre-determined and fixed commutation
cycle rate). The cycle length typically corresponds to the
cycle length of the buck converter 110 (i.e. the length of an
on-state and a succeeding off-state of the high side switch
112). The saw wave voltage signal 155 typically has a
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maximum voltage Vsaw at the peak of each saw tooth. The
saw wave voltage signal may be generated by the saw wave
generator 116. The saw wave voltage signal 155 is compared
to the error voltage Verror 153 using comparator 118 (e.g. a
hysteretic comparator), thereby generating a pulse width
modulated signal 189 which is negative (or zero) when the
saw wave voltage signal is greater than Verror, and positive
when the saw wave voltage is smaller than Verror. The
transition from negative to positive may be taken as a trigger
for the duty cycle. In particular, the pwm (pulse width
modulated) signal generated by the comparator 118 may be
converted by the buck control unit (also referred to as a
control circuit) 115 to generate the drive signals for the high
side switch 112 and for the low side switch 111 of the buck
converter 110. The regulator can be tuned by appropriately
choosing the maximum voltage Vsaw and the reference
voltage Vref 152 based on the input voltage Vin 154 and/or
based on the desired output voltage 150.

The regulation of the duty cycle of the buck converter 110
can be enhanced by also taking into account the inductor
current, i.e. the current through the inductor 113 of the buck
converter. For this purpose, the converter system 100 com-
prises current sensing means 120 for sensing the current
through the high side transistor 112 (which corresponds to
the inductor current when the high side switch 112 is in
on-state (and the low side switch 111 is in off-state)). The
current sensing means 120 may e.g. be implemented as a
current mirror, which mirrors and possibly amplifies the
current through the high side switch 112. The sensed current
Isns 160 provided by the current sensing means 120 is
therefore typically proportional (or equal) to the current
through the high side switch 112 (and the inductor 113, when
the high side switch is in its on-state). At 100% duty cycle
of'the buck converter 110 and in stable operation, the current
through the high side switch 112 is typically constant and
corresponds to the input voltage Vin 154 divided by the
impedance of the load Rload of the converter system 100.

The sensed current Isns 160 is added in addition unit 117
to the saw wave signal having the cycle length of the buck
converter 110. The adding unit 117 further converts the sum
of the saw wave signal and the sensed current Isns 160 into
a sensed saw wave voltage Visns 155. The saw wave signal
may be generated by the saw wave generator 116 (compris-
ing e.g. a switch (e.g. a transistor) in parallel to a capacitor).
Overall, the saw wave generator 116 and the adding unit 117
provide the sensed saw wave voltage Visns 155 which
comprises a periodic saw wave voltage signal (generated by
the saw wave generator 116) which is offset by a voltage
derived from the sensed current Isns 160. As indicated
above, Isns 160 is a constant current in case of a stable
operation of the buck converter 110 at 100% duty cycle. In
such cases, the sensed saw wave voltage Visns 155 corre-
sponds to the periodic saw wave voltage signal offset by a
constant voltage derived from the constant current Isns 160.
In case of a duty cycle lower than 100%, the sensed current
Isns is zero (when the high side switch 112 is in off-state)
and has a saw like rising shape (when the high side switch
112 is in on-state). The saw like rising shape of the sense
current Isns 160 during the on-state of the high side switch
112 results from the current throttling properties of the
inductor (also referred to as a coil) 113. Hence, in cases of
a duty cycle of less than 100%, the sensed saw wave voltage
Visns 155 is obtained as an overlay of the periodic saw wave
voltage signal and an intermittent saw shaped voltage
derived from the sensed current Isns 160. It should be noted
that the sensed saw wave voltage Visns 155 may be reset
every time the high side switch 112 is switched off. The reset
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of the sensed saw wave voltage Visns 155 may result in a
cleaner signal. The sensed saw wave voltage Visns 155 is a
signal with a positive slope. Visns 155 crosses the error
voltage Verror 153, if the error voltage Verror 153 is in the
range which is covered by the sensed saw wave voltage
Visns 155 during a clock cycle (i.e. during a commutation
cycle).

In the converter system 100 of FIG. 1, the sensed saw
wave voltage Visns 155 is compared to the error voltage
Verror 153 to generate the pulse width modulated signal
pwm towards the driver and controller circuit 115 of the
buck converter 110. In case of a load transient (e.g. a sudden
increase of the load current), the sensed current Isns 160
increases, thereby increasing the slope of the sensed saw
wave voltage Visns 155. At the same time, the output voltage
Vout 150 may drop, leading to an increase of the error
voltage Verror 153. Both effects tend to move forward the
trigger point for the pulse width modulated signal pwm,
thereby increasing the duty cycle of the buck converter 110
and thereby compensating the effect of the load transient.

Even with an increase of the duty cycle, the converter
system 100 may not be able to provide the requested load
current sufficiently fast. This is typically the case due to the
ramp of the coil current (which is indicated by the sensed
current 160) caused by the inductor 113. A load current
(caused by an increasing load transient) which exceeds the
coil current typically leads to a drop of the output voltage
150. On the other hand, a load current (caused by a decreas-
ing load transient) which is lower than the coil current
typically leads to an increase of the output voltage 150.

In the present document, an auxiliary circuit is described
which is configured to reduce such overshoots and/or under-
shoots of the output voltage 150, subject to load transients.

An example of such an auxiliary circuit 200 is illustrated
in FIG. 2. In FIG. 2 an auxiliary circuit 200 is arranged in
parallel to a voltage regulator or converter system 100. The
total load current to the output capacitor 214 and to an
optional output resistor 215 results from the sum of the
output current of the converter system 100 and of the output
current of the auxiliary circuit 200. Hence, the auxiliary
circuit 200 is configured to complement the output current of
the converter system 100 (i.e. the coil current), notably in
case of load transients.

The auxiliary circuit 200 comprises a half bridge 209, 210
and an auxiliary capacitor 211 or more generally and aux-
iliary impedance 211. The half bridge 209, 210 may be
controlled using various different control strategies. The half
bridge 209, 210 of the auxiliary circuit 200 may be used to
deliver an immediate charge to the output capacitance 214 of
the voltage regulator 100, when a load transient is detected.

FIG. 2 shows the auxiliary circuit 200 arranged in parallel
to the voltage regulator 100. When a load transient occurs,
the load transient may be amplified, detected and processed
by the processing units 201, 202, 203, 204 and the control
system 205 of the auxiliary circuit 200. The control system
205 may be configured to drive the half bridge comprising
a low side switch 209 and a high side switch 210. It should
be noted that alternatively to using a half bridge, a full bridge
or a single pass device may be used. In the latter case, the
auxiliary circuit 200 is typically limited to either positive or
negative load transients.

An example auxiliary circuit 200 comprises an error
amplifier 201, 202 which is configured to amplify the
voltage drop 150 at the output of the voltage regulator 100.
The amplified information may be detected using two com-
parators 203, 204, wherein a first comparator 203 may be
used for detecting a negative load transient (i.e. a negative
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dl/dt) and wherein a second comparator 204 may be used for
detecting a positive load transient (i.e. a positive dl/dt). If a
positive or negative load transient is detected, the control
logic (or control unit) 205 may be initiated. The control logic
205 may be configured to turn on the appropriate switch 209,
210 of the half bridge for delivering the required charge
through the auxiliary capacitor 211 (or through a general
auxiliary impedance). A current limited analog buffer 206
may be used to restore a charge into the auxiliary capacitor
211. The charge may be provided via a current limiting
resistor 212, in order to avoid current peaks at the output
capacitor 214.

In stable operation (when no load transient has been
detected by the auxiliary circuit 200), the high side switch
210 and the load side switch 209 are open and the voltage
regulator 100 is configured to provide the requested load
current to the output of the regulator 100, such that the
output voltage 150 is stable and corresponds to the pre-
determined reference voltage 152 of FIG. 1. The auxiliary
capacitor 211 may be pre-charged using the analog buffer
206. Hence, the midpoint between the high side switch 210
and the low side switch 209 (also referred to as the quiescent
point) may be brought to a pre-determined quiescent point
voltage V, above the output voltage 150. The quiescent
point voltage V, may be used to tune the auxiliary circuit
200 towards positive load transients or towards negative
load transients.

If a positive load transient is detected, the control unit 205
may trigger the driver 208 of the high side switch 210 to
close the high side switch 210 and to couple the auxiliary
capacitor 211 to the supply voltage VDD 254. As a result of
this, the quiescent point is brought up from the quiescent
point voltage V;, (due to pre-charging) to the supply voltage
VDD 254. Hence, the charge Q,,.=C,*(VDD-V,) can be
provided to the output of the auxiliary circuit 200. This
positive charge Q,,,, may be provided as a transient auxiliary
current [, =(VDD-V,)/R, which decays with a predeter-
mined time constant =R, *C,, wherein R, is the resistance
of the auxiliary resistor 212 and wherein C, is the capaci-
tance of the auxiliary capacitor 211. The additional auxiliary
current at the output of the auxiliary circuit 200 may be used
to complement the coil current which is provided by the
voltage regulator 100 and to thereby stabilize the output
voltage 150 (subject to a positive load current).

If a negative load transient is detected, the control unit
205 may trigger the driver 207 of the low side switch 209 to
close the low side switch 209 and to couple the auxiliary
capacitor 211 to ground 257. As a result of this, the quiescent
point is brought down from the quiescent point voltage V,,
(due to pre-charging) to ground level. As a result of this, the
charge Q,,.,=C,*V,, can be drawn from the output of the
auxiliary circuit 200. This negative charge Q,,, may be
drawn as a negative transient auxiliary current I,,,=-V /R,
the magnitude of which decays with the predetermined time
constant T=R, *C,. The auxiliary current which is drawn at
the output of the auxiliary circuit 200 may be used to reduce
the coil current which is provided by the voltage regulator
100 and to thereby stabilize the output voltage 150 (subject
to a negative load current).

It should be noted that the auxiliary capacitor 211 and the
auxiliary resistor 212 are only one example of an auxiliary
impedance 211, 212 which may be used to stabilize the
output voltage 150 by providing or by drawing an auxiliary
current. The auxiliary impedance 211, 212 may be lower
than the impedance of the inductor 113 of the voltage
regulator 100, at the operating frequency of the voltage
regulator 100. This may ensure that the auxiliary circuit 200
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provides the additional auxiliary current or draws the
exceeding current, in case of a load transient.

The auxiliary circuit 200 is configured to provide the
additional current (referred to as auxiliary current) or to
draw the auxiliary current, based on an evaluation of the
output voltage 150. The output voltage 150 may be used to
detect the presence of a load transient. In other words, the
output voltage 150 may be used to detect, whether an extra
charge is required at the output of the voltage regulator 100
or whether an excessive charge needs to be removed from
the output of the voltage regulator 100.

The detection of the need for extra charge or the detection
of an excessive charge may be achieved by a dedicated error
amplifier 202 that amplifies the difference between the
reference voltage 252 (which may correspond to the refer-
ence voltage 152) and the output voltage 150 using a transfer
function of the error amplifier 202, wherein the transfer
function may depend on a feedback network 201. In an
example, the gain of the error amplifier 202 may be one (a
case which may be referred to as panic comparator). If the
gain of the load transient error amplifier 202 is 1 or -1, the
auxiliary circuit 200 is activated (i.e. one of the switches
210, 209 is closed), when the output voltage 150 drops under
or goes above a certain threshold with respect to a desired
voltage 258. In this case the load transient error amplifier
202 can also be bypassed and the comparators can be fed
directly with the output voltage 150.

In a further example, a gain with an absolute value
|Gainl>1 may be used, in order to increase the reaction speed
subject to load transients. The reaction speed may be
increased by increasing the gain of the error amplifier 202.
If the gain of the error amplifier 202 corresponds to the main
error amplifier gain of the error amplifier 119 of the voltage
regulator 100, the comparators 203, 204 may be fed directly
using the error voltage 153 (instead of using the error
voltage 253 at the output of the error amplifier 202 of the
auxiliary circuit 200), thereby reducing the cost of the
auxiliary circuit 200.

The feedback network 201 may be used to implement a
derivator (e.g. using a capacitor) In this case the system 200
reacts when the output voltage variation is faster than a
pre-determined threshold. As a result of this, the system 200
may be configured to react prior to an actual development of
an under/over voltage at the output of the voltage regulator
100.

The output signal 253 of the error amplifier 202 is passed
to a first comparator 203 and a second comparator 204 which
are configured to compare the output signal 253 with a
reference signal 258 (which may be indicative of a thresh-
old). The output signal 253 may be offset prior to entering
the comparators 203, 204. As such, it may be determined
whether the output signal 253 exceeds a second threshold
(indicted by the positive detection signal 255) or whether the
output signal 253 falls below a first threshold (indicated by
a negative detection signal 256). Typically only one of the
positive detection signal 255 or the negative detection signal
256 is set. The positive detection signal 255 may be indica-
tive of a positive load transient and the negative detection
signal 256 may be indicative of a negative load transient.

The control unit 205 may be configured to generate
control signals “GatP” and/or “GatN” for controlling the
switching state of the high side switch 210 (e.g. a PMOS
transistor) and/or of the low side switch 209 (e.g. an NMOS
transistor), respectively. As outlined above, in case of a
positive detection signal 255, the high side switch 210 may
be activated and in case of a negative detection signal 256,
the low side switch 209 may be activated (while the respec-
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tive other switch remains open). The switches 209, 210 may
be maintained open for a fixed duration. The fixed duration
may be selected in dependence of the time constant T of the
auxiliary impedance 211, 212 (e.g. the duration may corre-
spond to 3 to 5 times the time constant ). In other words,
the fixed duration may be selected in dependence of the time
interval during which the auxiliary circuit 200 is configured
to provide (or to draw) a charge at the output of the auxiliary
circuit 200.

Hence, when a load transient is detected a fixed time pulse
(positive or negative according to the detection) may be
generated and fed to the respective driver 207, 208, to allow
for the charge delivery to (or the charge recovery from) the
load capacitance 214. FIG. 3 shows a block diagram of an
example control circuit 205 which may be used to generate
such a fixed duration pulse “GatP” and/or “GatN” towards
the drivers 208, 207 of the switches 210, 209, respectively.

The pulse is initiated by a detection signal 255, 256 of one
of the comparators 204, 203. The detection signal 255, 256
may drive a set-reset latch 301 (SR latch). When a positive
load transient is detected (positive detection signal 255), the
SR latch 301 sets a PWM signal. When a negative load
transient (negative detection signal 256) is detected, the SR
latch 301 resets the PWM signal. The SR latch 301 is
preferably race condition free (in case of the concurrent
occurrence of a positive detection signal 255 and a negative
detection signal 256). In other words, the SR latch 301 may
be configured to resolve concurrent occurrences of the
positive detection signal 255 and the negative detection
signal 256, e.g. by generating an output in accordance to the
temporally first one of the detection signals 255, 256.

The PWM signal may be fed to a pulse generator 302 that
generates a fixed duration pulse on each edge of the pwm
signal. On the positive edge of the pwm signal a (negative)
pulse on the GatP output may be generated, which drives on
the high side switch 210. On the negative edge of the pwm
signal a (positive) pulse may be generated, which drives on
the low side switch 209. The proposed structure of the
control unit 205 ensures non-overlapping via a fixed dura-
tion dead time provided by the delays 303.

After one pulse is finished, i.e. after the fixed duration, the
half'bridge 210, 209 may be brought back in high impedance
(by opening both switches 209, 210). The auxiliary capacitor
C, 211 may then be recharged using the linear amplifier 206.

If the load release occurs earlier than the programmed
pulse, the system 200 may be configured to start an off time
without passing through the high impedance state. In par-
ticular, the auxiliary circuit 200 may be configured to pass
from a charge provisioning state (where the high side switch
210 is closed) to a charge drawing state (where the low side
switch 209 is closed) directly, without passing through the
high impedance state (when both switches 210, 209 are
open, and when the auxiliary capacitor 211 may be
recharged).

As already indicated above, the pulse duration may be
chosen coherently with respect to the time constant t of the
auxiliary impedance 211, 212 (e.g. 3-5 times the time
constant T).

Alternatively or in addition, the auxiliary circuit 200 may
be operated using a hysteretic control. In particular, the
duration of the pulses may be determined based on the
output voltage 150 and/or based on the coil current and/or
based on the load current. After detection of a load transient,
the auxiliary circuit 200 may start to provide current or may
start to draw current. The provision/drawing of current may
be stopped, when it is detected (e.g. based on the output
voltage) that the voltage regulator 100 is back in regulation
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(e.g. because the error voltage 253 falls below a pre-
determined error threshold). Hence, the control unit 205 may
be configured to close one of the switches 209, 210, based
on the output voltage 150, and to thereby start the generation
of an auxiliary current. Furthermore, the control unit 205
may be configured to open the switches 209, 210, based on
the output voltage 150, and to thereby interrupt the auxiliary
current.

As already indicated above, the voltage at the quiescent
point between the switches 210, 209 (i.e. at the midpoint of
the half bridge) may be regulated. As indicated, the amount
of charge that the auxiliary circuit 200 can transfer to the
output capacitor Cout 214 depends on the size C, of the
auxiliary capacitor 211 and on the quiescent point voltage
Vo, the positive charge being Q,,,,=C,*(VDD-V ), and the
negative charge being Q.. =C,*V,,. In the example of FIG.
2 a linear trans-conductance amplifier 206 recharges the
auxiliary capacitor 211 with a limited current, so when no
load transient is present, the midpoint of the half bridge is
brought back up to a pre-determined quiescent point voltage
V- The value for V, may be selected according to the
application. By way of example, V,<VDD/2 may be
selected, if substantial positive load transients are expected.
On the other hand, V ,>VDD/2 may be selected, if substan-
tial negative load transients are expected.

FIG. 4a illustrates the output voltage 400 of a voltage
regulator 100, subject to a load current transient 410. FIG.
4a also shows the coil currents 420 of a multiphase (three
phase) voltage regulator 100. Since the load current 410 is
very fast, the coil currents 420 cannot follow and a substan-
tial undershoot 401 and overshoot 402 of the output voltage
400 are generated.

FIG. 4b shows the case of the load transient 410 when
using an auxiliary circuit 200. It can be seen that the
undershoot 401 and the overshoot 402 of the output voltage
400 are substantially reduced/removed. Furthermore, it can
be seen that the auxiliary current 440 of the auxiliary circuit
immediately increases (reference numeral 441) subject to
the positive load transient. Furthermore, it can be seen that
an auxiliary current 440 is drawn (reference numeral 442)
subject to the negative load transient, thereby reducing/
removing the undershoot 401 and the overshoot 402. Fur-
thermore, the time constant T of the auxiliary impedance
211, 212 of FIG. 2 is illustrated (as the decay of the auxiliary
current 440 subsequent to the current peaks 441, 442).

FIG. 5 shows a flow chart of an example method 500 for
reducing deviations of the output voltage 150 of a voltage
regulator 100 from a reference voltage 152, subject to a load
transient. In particular, the method 500 is directed at gen-
erating an auxiliary current at the output of a voltage
regulator 100, such that the output voltage 150 is stabilized.
The method 500 comprises detecting 501 a load transient at
the output of the voltage regulator 100. The load transient
may be detected e.g. using an error amplifier 202 and/or
comparators 203, 204. Furthermore, the method 500 com-
prises providing 502 an auxiliary impedance 211, 212 which
is configured to be coupled at one end to the output of the
voltage regulator 100, and providing 503 an auxiliary switch
209, 210 (e.g. a high side switch 210 and/or a low side
switch 109) configured to modify a voltage level at the other
end of the auxiliary impedance 211, 212 by closing or
opening the auxiliary switch 209, 210. In addition, the
method 500 comprises controlling 504 the auxiliary switch
209, 210, subject to the detection of a load transient at the
output of the voltage regulator 100, to modify the voltage
level at the other end of the auxiliary impedance 211, 212
such that an auxiliary current is flowing through the auxil-
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iary impedance 211, 212, when the one end of the auxiliary
impedance 211, 212 is coupled to the output of the voltage
regulator 100. The auxiliary current may complement the
output current of the voltage regulator, in order to provide
the requested load current, and in order to thereby stabilize
the output voltage 150 of the voltage regulator 100.

In the present document, an auxiliary circuit has been
described which may be used to reduce or remove over/
undershoots of the output voltage of a voltage regulator
subject to a load transient. The described auxiliary circuit
may be used in conjunction with various different types of
power converters/voltage regulators (e.g. buck converters,
boost converters, buck/boost converters, etc.). In particular,
the auxiliary circuit is AC (alternating current) coupled, and
therefore allows for the use of various different types of
converters.

It should be noted that the description and drawings
merely illustrate the principles of the proposed methods and
systems. Those skilled in the art will be able to implement
various arrangements that, although not explicitly described
or shown herein, embody the principles of the invention and
are included within its spirit and scope. Furthermore, all
examples and embodiment outlined in the present document
are principally intended expressly to be only for explanatory
purposes to help the reader in understanding the principles
of the proposed methods and systems. Furthermore, all
statements herein providing principles, aspects, and embodi-
ments of the invention, as well as specific examples thereof,
are intended to encompass equivalents thereof.

What is claimed is:

1. An auxiliary circuit configured to generate an auxiliary
current at an output of a voltage regulator, the auxiliary
circuit comprising

transient detection means configured to detect a load
transient at the output of the voltage regulator;

an auxiliary impedance having a first end and a second
end and being configured to be coupled at the first end
to the output of the voltage regulator;

an auxiliary switch configured to modify a voltage level
at the second end of the auxiliary impedance by closing
or opening the auxiliary switch; wherein the auxiliary
switch is configured to couple the second end of the
auxiliary impedance to a supply voltage or to ground,
when the auxiliary switch is closed;

a control unit configured to control the auxiliary switch,
subject to the detection of the load transient at the
output of the voltage regulator, to modify the voltage
level at the second end of the auxiliary impedance such
that an auxiliary current is flowing through the auxil-
iary impedance, when the first end of the auxiliary
impedance is coupled to the output of the voltage
regulator and

a buffer coupled to the second end of the auxiliary
impedance and configured to set the second end of the
auxiliary impedance to a quiescent voltage, when the
auxiliary switch is open; wherein a level of the quies-
cent voltage is greater than half the supply voltage for
tuning the auxiliary circuit towards a transient decrease
of a load current at the output of the voltage regulator;
and wherein the level of the quiescent voltage is
smaller than half the supply voltage for tuning the
auxiliary circuit towards a transient increase of a load
current at the output of the voltage regulator.

2. The auxiliary circuit of claim 1, wherein

the voltage regulator is configured to provide an output
current with a pre-determined ramp, subject to the load
transient; and
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the auxiliary impedance is such that the auxiliary current
complements the output current with respect to a load
current at the output of the voltage regulator.

3. The auxiliary circuit of claim 1, wherein the auxiliary
impedance comprises an auxiliary capacitor arranged in
series with an auxiliary resistor.

4. The auxiliary circuit of claim 1, wherein

the auxiliary switch is a high side switch of a half bridge

and configured to couple the second end of the auxil-
iary impedance to a supply voltage, when the auxiliary
switch is closed;

the auxiliary circuit comprises a second auxiliary switch;

the second auxiliary switch is a low side switch of the half

bridge and configured to couple the second end of the
auxiliary impedance to ground, when the second aux-
iliary switch is closed;
the control unit is configured to close the auxiliary switch,
subject to the detection of a positive load transient; and

the control unit is configured to close the second auxiliary
switch, subject to the detection of a negative load
transient.

5. The auxiliary circuit of claim 4, wherein the control
unit is configured to maintain the auxiliary switch and the
second auxiliary switch open, at a time instant when no load
transient is detected.

6. The auxiliary circuit of claim 1, wherein

the control unit is configured to control the auxiliary

switch such that, subject to the detection of the load
transient, the auxiliary current is provided for a pre-
determined duration; and

the pre-determined duration is dependent on characteris-

tics of the auxiliary impedance.

7. The auxiliary circuit of claim 6, wherein

the auxiliary impedance is configured to reduce a mag-

nitude of the auxiliary current in accordance to a time
constant starting from a peak auxiliary current at a time
instant, when the load transient is detected; and

the pre-determined duration is dependent on the time

constant of the auxiliary impedance.

8. The auxiliary circuit of claim 1, wherein the control
unit is configured to control the auxiliary switch such that,
subject to the detection of the load transient, the auxiliary
current is provided for a duration which is dependent on an
output voltage of the voltage regulator.

9. The auxiliary circuit of claim 1, wherein the transient
detection means are configured to detect the load transient
based on an output voltage at the output of the voltage
regulator.

10. The auxiliary circuit of claim 9, wherein the transient
detection means comprise an error amplifier configured to
determine an error signal indicative of a deviation and/or a
gradient of deviation of the output voltage from a reference
voltage.

11. The auxiliary circuit of claim 10, wherein the transient
detection means comprise

a first comparator configured to detect a negative load

transient by determining whether the error signal is
smaller than or equal to a pre-determined first thresh-
old; and

a second comparator configured to detect a positive load

transient by determining whether the error signal is
greater than or equal to a pre-determined second thresh-
old.

12. The auxiliary circuit of claim 11, wherein the control
unit comprises logic circuitry to generate a gate control
signal for opening or closing the auxiliary switch based on
an output of the first and/or second comparators.
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13. A method for generating an auxiliary current at an
output of a voltage regulator, the method comprising the
steps of:

detecting a load transient at the output of the voltage

regulator;

providing an auxiliary impedance having a first end and a

second end; wherein the auxiliary impedance to be
coupled at the first end to the output of the voltage
regulator;

providing an auxiliary switch to modify a voltage level at 10

the second end of the auxiliary impedance by closing or
opening the auxiliary switch; wherein the auxiliary
switch is configured to couple the second end of the
auxiliary impedance to a supply voltage or to ground,
when the auxiliary switch is closed; and

controlling the auxiliary switch, subject to the detection of
the load transient at the output of the voltage regulator,
to modify the voltage level at the ether second end of
the auxiliary impedance such that an auxiliary current
is flowing through the auxiliary impedance, when the
first end of the auxiliary impedance is coupled to the
output of the voltage regulator;

providing a buffer coupled to the second end of the
auxiliary impedance and configured to set the second
end of the auxiliary impedance to a quiescent voltage,
when the auxiliary switch is open; wherein a level of
the quiescent voltage is greater than half the supply
voltage for tuning the auxiliary circuit towards a tran-
sient decrease of a load current at the output of the
voltage regulator; and wherein the level of the quies-
cent voltage is smaller than half the supply voltage for
tuning the auxiliary circuit towards a transient increase
of a load current at the output of the voltage regulator.

14. A method for providing an auxiliary circuit to generate

an auxiliary current at an output of a voltage regulator, the
auxiliary circuit comprising the steps of:

providing transient detection means to detect a load
transient at the output of the voltage regulator;

providing an auxiliary impedance having a first end and a
second end; wherein the auxiliary impedance is to be
coupled at the first end to the output of the voltage
regulator;

providing an auxiliary switch to modify a voltage level at
the second end of the auxiliary impedance by closing or
opening the auxiliary switch; wherein the auxiliary
switch couples the second end of the auxiliary imped-
ance to a supply voltage or to ground, when the
auxiliary switch is closed;

providing a control unit to control the auxiliary switch,
subject to the detection of the load transient at the
output of the voltage regulator, to modify the voltage
level at the second end of the auxiliary impedance such
that an auxiliary current is flowing through the auxil-
iary impedance, when the first end of the auxiliary
impedance is coupled to the output of the voltage
regulator; and

providing a buffer coupled to the second end of the
auxiliary impedance and to set the second end of the
auxiliary impedance to a quiescent voltage, when the
auxiliary switch is open; wherein a level of the quies-
cent voltage is greater than half the supply voltage for
tuning the auxiliary circuit towards a transient decrease
of a load current at the output of the voltage regulator;
and wherein the level of the quiescent voltage is
smaller than half the supply voltage for tuning the
auxiliary circuit towards a transient increase of a load
current at the output of the voltage regulator.
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15. The method for providing an auxiliary circuit of claim
14, wherein
the voltage regulator provides an output current with a
pre-determined ramp, subject to the load transient; and

the auxiliary impedance is such that the auxiliary current
complements the output current with respect to a load
current at the output of the voltage regulator.

16. The method for providing an auxiliary circuit of claim
14, wherein the auxiliary impedance comprises an auxiliary
capacitor arranged in series with an auxiliary resistor.

17. The method for providing an auxiliary circuit of claim
14, wherein

the auxiliary switch is a high side switch of a half bridge

and couples the second end of the auxiliary impedance
to a supply voltage, when the auxiliary switch is closed;
the auxiliary circuit comprises a second auxiliary switch;
the second auxiliary switch is a low side switch of the half
bridge and couples the second end of the auxiliary
impedance to ground, when the second auxiliary switch
is closed;

the control unit closes the auxiliary switch, subject to the

detection of a positive load transient; and

the control unit closes the second auxiliary switch, subject

to the detection of a negative load transient.

18. The method for providing an auxiliary circuit of claim
17, wherein the control unit maintains the auxiliary switch
and the second auxiliary switch open, at a time instant when
no load transient is detected.

19. The method for providing an auxiliary circuit of claim
14, wherein

the control unit controls the auxiliary switch such that,

subject to the detection of the load transient, the aux-
iliary current is provided for a pre-determined duration;
and

the pre-determined duration is dependent on characteris-

tics of the auxiliary impedance.

20. The method for providing an auxiliary circuit of claim
19, wherein

the auxiliary impedance reduces a magnitude of the

auxiliary current in accordance to a time constant
starting from a peak auxiliary current at a time instant,
when the load transient is detected; and

the pre-determined duration is dependent on the time

constant of the auxiliary impedance.

21. The method for providing an auxiliary circuit of claim
14, wherein the control unit controls the auxiliary switch
such that, subject to the detection of the load transient, the
auxiliary current is provided for a duration which is depen-
dent on an output voltage of the voltage regulator.

22. The method for providing an auxiliary circuit of claim
14, wherein the transient detection means detect the load
transient based on an output voltage at the output of the
voltage regulator.

23. The method for providing an auxiliary circuit of claim
22, wherein the transient detection means comprise an error
amplifier to determine an error signal indicative of a devia-
tion and/or a gradient of deviation of the output voltage from
a reference voltage.

24. The method for providing an auxiliary circuit of claim
23, wherein the transient detection means comprise

a first comparator to detect a negative load transient by

determining whether the error signal is smaller than or
equal to a pre-determined first threshold; and

a second comparator to detect a positive load transient by

determining whether the error signal is greater than or
equal to a pre-determined second threshold.
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25. The method for providing an auxiliary circuit of claim
24, wherein the control unit comprises logic circuitry to
generate a gate control signal for opening or closing the
auxiliary switch based on an output of the first and/or second
comparators. 5
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